We present results from extensive molecular dynamics simulations of collapse transitions of hydrophobic polymers in explicit water focused on understanding effects of lengthscale of the hydrophobic surface and of attractive interactions on folding. Hydrophobic polymers display parabolic, protein-like, temperature-dependent free energy of unfolding. Folded states of small attractive polymers are marginally stable at 300 K, and can be unfolded by heating or cooling.
I. INTRODUCTION
Hydrophobic interactions are one of the major contributors to biological self-assembly in solution, including protein folding and aggregation, micelle and membrane formation, and biomolecular recognition [1, 2, 3, 4, 5] . Recent work in this area has focused on the lengthscale dependencies of hydrophobic hydration and interactions [4, 6, 7, 8, 9] . In particular, a recent theory by Lum, Chandler, and Weeks (LCW) [6] highlighted the different physical mechanisms of solvation of small and large hydrophobic solutes in water. Small solutes are accomodated in water through molecular-scale density fluctuations [10, 11] , whereas solvation of larger solutes requires formation of an interface similar to that between a liquid and a vapor [4, 6, 12] . This change in physics is also reflected in thermodynamic (entropy vs enthalpy dominated hydration) [9] and structural (wetting vs dewetting of the solute surface) [4, 12, 13] aspects of hydration. Similarly, interactions between larger hydrophobic solutes in water [14, 15, 16, 17, 18] are characteristically distinct from those between their molecular counterparts [19, 20] .
The differences between the hydration and interactions of small and large solutes characterize many-body effects in hydrophobic phenomena. Effects of similar origin are also at work in association of small hydrophobic solutes into a larger aggregate [21, 22] , and are quantified by the n-particle potential of mean force (PMF) [23, 24, 25, 26] . For n > 3 however, the dimensionality of the system makes calculations of n-particle PMFs computationally prohibitive.
To this end, ten Wolde and Chandler [27] performed studies of a hydrophobic polymer in water, a many-body model system of potential relevance to protein folding. Their calculations, using a coarse-grained model of water, showed that a sufficiently long hydrophobic polymer readily collapses in water driven by a significant free energy difference (∼30k B T for their model polymer).
Their simulations also predicted that the essentially wet extended states of the polymer go through dewetted transition states at a smaller radius of gyration before collapsing into an ensemble of compact globular states. Although molecular simulation studies of conformational equilibria of solvophobic oligomers in explicit water and in other solvents have been performed in the past [28, 29, 30, 31, 32, 33] , a systematic study of how attractive interactions and lengthscales affect the thermodynamics of collapse or folding-unfolding transitions has not been reported.
Motivated by the work of ten Wolde and Chandler [27] , here we present results from extensive molecular dynamics simulations that address the dependence of folding of hydrophobic polymers in water on lengthscales and attractive interactions. We show that compact folded states of smaller polymers with attractive polymer-water interactions are only marginally stable and display thermo-dynamic characteristics of both warm and cold denaturation. Increasing the polymer lengthscale makes the hydration contribution to folding more favorable, and stabilizes folded states. Reducing the polymer-water attractions also stabilizes folded states. We explore the suitability of area and volume based models to describe the hydration contribution to folding. Entropy obtained from temperature dependence of the hydration contribution to folding varies with the polymer lengthscale, explaining the origin of blurring of the 'entropy convergence' in protein folding using arguments proposed by Huang and Chandler [7] . Structural signatures, such as water density and its fluctuations in the vicinity of the polymer, indicate that the polymer-water hydrophobic interface is soft and weakly dewetted and allows enhanced density fluctuations, collectively inducing a collapse into compact folded conformations.
RESULTS AND DISCUSSION
To observe collapse transitions potentially important to understanding protein folding thermodynamics, the model polymer needs to be sufficiently long, such that it can adopt compact globular as well as extended states. Preliminary studies indicate that 6-, 8-, or 12-mer chains are too short to form compact states. In contrast, somewhat longer, 25-mer hydrophobic oligomers, can fold into tightly wound helical states. We therefore focus on the collapse transitions of such 25-mer hydrophobic chains in water.
To study the lengthscale dependence, we studied two versions of the 25-mer, a smaller length- in simulations of the larger lengthscale CG25 polymer, and dihedral potentials were not employed for either polymers. We note that we are not interested in detailed studies of specific alkanes in water, but in conformational transitions of flexible hydrophobic chains driven by hydrophobic interactions, and their dependence on lengthscales, attractions, and temperature. The inclusion of additional intrapolymer interactions (e.g., a dihedral potential) changes the conformational preferences but will not affect the qualitative hydration contributions or their temperature dependence that are of primary interest here. Further, the larger lengthscale polymer, CG25, can be thought of approximately as a coarse-grained equivalent of a 50-mer of methane-sized monomers. The M − M − M angle potential was therefore turned off to capture the higher conformational flexibility of that polymer. To what extent do attractive interactions change the folding-unfolding of hydrophobic polymers in water? Figure 1 also shows PMF profiles for C25-LJ and CG25-LJ polymers interacting with full LJ potential having magnitude similar to typical alkane-water attractions. Here, the attractive interactions directly affect two opposing enthalpic terms -the monomer-monomer attractions favor folding of the polymer into compact states in absence of other effects (Fig. 2c) , whereas monomer-water attractions favor unfolding (Fig. 2b) to increase the favorable energetic interactions with water.
For the smaller, C25-LJ polymer, balance of these interactions leads to two distinct minima corresponding to folded and unfolded ensembles separated by a barrier. Overall, the polymer-water attractive interactions dominate over other contributions, leading to a slight stabilization of the unfolded states compared to the folded ones. In contrast, for the larger CG25-LJ polymer, despite the significant polymer-water attraction contribution favoring the unfolded states (Fig. 2b) , the qualitative nature of the PMF is similar to that of CG25-WCA polymer -folded states are favored significantly over the unfolded states.
The total PMF, W (R g ), governs the overall conformational behavior of polymers in water, and can be separated into three contributions [36] :
where W vac is the PMF profile in vacuum, U P W is the ensemble averaged polymer-water interaction energy (for given R g ), and we define W hyd as the hydration contribution. We note that
is traditionally referred to as the 'solvent contribution'. However, its separation in Eq. 1 into U P W (R g ) and W hyd (R g ) is similar to that used in perturbation theory approaches applied previously to solvation phenomena [10, 37] . The rationale for writing Eq. 1
is that each individual term may be separately predicted using theoretical arguments or simplified models [36] , as we illustrate below for the W hyd (R g ) term. For nonpolar solutes in water, the solute-water attractive energy is generally smaller in magnitude than the hydration contribution, whereas for polar or ionic solutes, it will dominate the solvation free energy. In either case, a similar separation may provide a useful predictive framework. Figure 2 shows W hyd (R g ), U P W (R g ) , and W vac (R g ) contributions to W (R g ) for LJ and WCA versions of the C25 and CG25 polymers. For both the polymers, the hydration contribution is large, approximately 40 kJ/mol and 140 kJ/mol, respectively, and monotonically favors folding of polymers into compact states. Despite the significant attractive interactions for LJ polymers, W hyd makes the dominating contribution to the overall PMF. More importantly, the W hyd (R g ) contribution appears to be similar for all C25 or CG25 polymers (full LJ, half LJ, or WCA), relatively insensitive to the strength of attraction. This supports the separation of the PMF in Eq. 1, and indicates that the W hyd term captures the essential physics of hydrophobic hydration that may be described either using cavity formation (for small lengthscales) or interface formation process (for larger lengthscales).
Once the overall W (R g ) profile is available from simulations, the total free energy of unfolding a polymer in water, ∆G u , can be obtained by integration of that PMF [38] . and A is the solvent-accessible surface area (SASA) of the polymer. These radii values are in the 'crossover' region [4, 9] , and we expect the hydration free energy of the folded state to be adequately described by the surface tension model, G hyd f = γA [36] . In contrast, the lengthscale of unfolded polymers is more difficult to quantify. If we assume the relevant lengthscale to be small, equal to that of a monomer, then the free energy of hydration of unfolded polymers will be roughly proportional to the solvent excluded volume [4, 7] , approximated as n × G hyd mon (T ) (where n is the number of monomers, and the subscript mon indicates the value for a monomer), or more quantitatively as, V × c(T ), where the volume coefficient c(T ) = G hyd mon /V mon (or alternatively, = ∂G hyd mon /∂V mon ). Figure 4b shows the hydration contribution to the free energy of unfolding predicted using the
We obtained V and A values using the molecular surface package of Connolly [39] . Values of c(T ) (∼150-170 kJ/mol/nm 3 ) obtained independently from test particle insertions of C25 and CG25 monomers into pure water systems, are in excellent agreement with that used by ten Wolde recently [36] . The surface tension, γ(T ),
for folded states can be approximated by that of an equivalent sphere. These data are difficult to obtain by test particle insertions [9] , but can be estimated using the data in and unfolded states independently -a truly challenging task. We note that only the difference ∆G hyd u (T ), and not these independent values are currently available from simulations. Therefore, we can only make qualitative arguments here regarding the applicability of the area-volume model to the present systems. For example, the unfolded states of hydrophobic polymers comprise monomers joined together by covalent bonds, as distinct from fully separated and well dispersed monomers in solution. Also, there is conformational diversity in the unfolded states that includes fully as well as partially extended conformations with different local curvatures. A single small monomer-like lengthscale therefore does not appear to describe the hydration free energy of unfolded states, and especially, its temperature dependence. In contrast, many other processes do involve assembly of small lengthscale moieties into a larger lengthscale aggregate (e.g., in micelle formation [42] ) where the area-volume model may provide a good description of hydrophobic contributions to the thermodynamics of assembly.
We also explored the suitability of alternate models (i) ∆G and makes the ∆G u (T ) curve roughly parabolic in T, similar to that for proteins. To summarize, increasing the lengthscale increases the magnitude of ∆G u (T ) and decreases the temperature, T * of maximum ∆G u , whereas addition of attractive interactions has the opposite effect.
These observations have two important consequences. First, the increased stability of folded polymers with reduction of polymer-water attractive interactions as well as the shift of T * to lower values with increasing lengthscale will make it difficult to observe cold denaturation over temperature range accessible to experiments, without assistance from other denaturing influences [43, 44] . Second, because the magnitude and temperature dependence of ∆G hyd u (and therefore, of ∆G u ) is sensitive to lengthscales, the corresponding temperature-dependent entropy contributions will also vary with polymer (or protein) size. Sufficient variation in protein lengthscales will lead to blurring of the "entropy convergence" observed in thermal unfolding of globular proteins [7, 45, 46, 47, 48] . Figure 4e shows that for a methane-sized solute, the hydration entropy, ∆S
, is large and negative at room temperature, characteristic of hydrophobic hydration at small lengthscales [49] . For C25 and CG25 polymers the ∆S hyd u is positive over the entire range of T, with its magnitude being larger for the CG25 polymer. These observations are qualitatively consistent with predictions by Huang and Chandler [7] , who argued that such lengthscale dependence of entropy explains the blurring of the 'entropy convergence' observed in unfolding of globular proteins. Also, the hydration contribution to the heat capacity of unfolding, Nw also shows similar features). It is clear that for the small attractive C25-LJ polymer, the hydration shell compressibility changes little as it folds. In contrast, the larger and repulsive CG25-WCA polymer shows increased absolute fluctuations as well as a peak in the magnitude of fluctuations as the polymer folds to compact states. Interestingly, although the nature of W (R g ) and the dewetting is qualitatively similar for CG25-WCA and CG25-LJ polymers, an explicit peak in fluctuations is not observed during folding of the CG25-LJ polymer. This is expected as the polymer-water attractions will dampen the longitudinal density fluctuations. In addition, solutewater attractions increase the crossover lengthscale, or alternately, reduce the effective lengthscale of the solute. In this sense, CG25-LJ lengthscale is smaller than that of CG25-WCA polymer.
Collectively, for the polymers of the nanometer lengthscale studied here, we find that the unfolded states are dewetted relative to separated monomers, and the folding process is accompanied by further dewetting of the polymer surface. More importantly, the increased density fluctuations for repulsive polymers indicate that the polymer-water interface is soft, qualitatively similar to water-hydrophobic liquid-liquid [50] or liquid-vapor interfaces. In addition, the positive hydration entropy indicates that the unfavorable free energy is dominated by the enthalpic contribution similar to that for interface formation [4, 9] , supporting the above assertion. Extension of the above results would predict increased dewetting, higher density fluctuations, and larger driving forces for the folding of longer polymers.
CONCLUSIONS
We have presented results from extensive molecular dynamics simulations of folding-unfolding of hydrophobic polymers in water with focus on understanding effects of polymer lengthscale and polymer-water attractive interactions on thermodynamic and structural aspects of polymer folding.
The folding of model polymers provides a route to characterizing the many-body hydrophobic effects in the context of realistic biological self-assembly process, such as protein folding. We studied conformational transitions of 25-mers comprising monomers of methane-like and larger particles. To study the effects of polymer-water attractions, we employed attractive LJ as well as purely repulsive WCA interactions between monomers and water. We found that the smaller attractive polymer displays a parabolic protein-like unfolding free energy, ∆G u (T ), profile as a function of temperature. The folded states of this polymer are only marginally stable at room temperature and can be unfolded by heating or cooling the solution. Increasing the lengthscale or reducing the polymer-water attractions not only increases the stability of folded states, but also shifts the temperature of maximum stability to lower values. Also, the dependence of hydration entropy on polymer lengthscale is consistent with predictions of Huang and Chandler [7] on lengthscale dependence of hydrophobic hydration that provide a basis for understanding of the blurring of entropy convergence observed in protein unfolding thermodynamics.
The hydration contribution to folding of hydrophobic 25-mers studied here is large and strongly favors compact folded states. We explored the applicability of physically motivated models based on area and/or volume descriptions of hydration of polymer conformations to predict the hydration contribution, ∆G hyd u . Our analysis indicates that predictions using ∆G The polymer models presented here or the ones used by ten Wolde and Chandler, present promising model systems of potential importance in understanding the role of hydration in thermodynamics of protein folding and aggregation [51] . The ability to change intrapolymer and polymerwater interactions, and polymer size allows for systematic studies of the free energy landscape in the extended parameter space. Further, investigation of the folding-unfolding of these polymers over a range of solution conditions, such as high pressures, in presence of cosolutes and solvents [31, 32] , will provide important insights into protein stability over the broader thermodynamic space. 
METHODS

Intra polymer interactions:
Free energy calculations:
We used the umbrella sampling technique [52] to characterize the conformational free energy of hydrophobic polymers in water as a function of polymer radius of gyration, R g . A harmonic potential,
2 , was applied to efficiently sample polymer conformations in a window near R g0 . For C25 polymers, we used 13 equally spaced windows spanning a range of R g between the most compact (∼ 0.37 nm) and the most extended (∼ 0.92 nm) states, whereas for CG25 polymers, we used 20 equally spaced windows with R g ranging from ∼ 0.45 nm to ∼ 1.50 nm. Simulations of C25 polymers included 1700 water molecules (SPC/E model [53] ). For CG25 polymers, depending on R g0 value, the number of water molecules ranged from 4000-12000. Additional simulations in which 12000 water molecules were used uniformly in all windows confirmed that the results presented here are insensitive to system size.
The values of k u ranged between 4000 and 12000 kJ/mol/nm 2 , based on the local gradient of the free energy, dW (R g )/dR g , estimated from preliminary simulations. Data from simulation trajectories -26 ns for the C25 polymer and 40 ns for the CG25 polymer (2 ns/window) -were combined using the WHAM formalism [54, 55, 56] to generate a potential of mean force profile along the R g coordinate for each polymer. Similar calculations were performed in vacuum to obtain the PMF in the absence of solvent. 
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